Abstract A strong effect of the third moment of the molecular weight distribution on the melt linear viscoelastic response of linear polyethylene samples is reported. The Newtonian viscosity of samples with broad molecular weight distributions shows a noticeable increase with respect to model linear samples with the same weight-average molecular weight but symmetric and narrower molecular weight distributions. These experimental results are in agreement with previous empirical and theoretical studies based on reptation concepts that predict a dependence of the viscosity in terms of the M z /M w ratio. In addition, it is possible to obtain a description of the whole linear viscoelastic fingerprint of the samples by mapping the entanglement parameters obtained from atomistic simulations together with the molecular features into the reptation model. The results shown here are of great importance, as the Newtonian viscosity-molecular weight relationship has become a widely used tool, not only to test the molecular weight dependence, but also to assess the possible presence of long-chain branching in polyolefins.
Introduction
In this contribution we revisit the weight-average molecular weight, M w , dependence of the Newtonian viscosity, η 0 , for linear polyethylene (PE) using a series of samples characterized by a particular shape of the molecular weight distribution (MWD). The synthesis has been performed using a supported bis(imino)pyridyl iron complex under different conditions in order to obtain a systematic variation of the MWD (Otegui 2009 ). This type of catalysts, first described by Small et al. (1998) and Britovsek et al. (1998) , was shown to produce PE samples with broad and/or multimodal MWD (Kim et al. 2004) . It is also known that this type of catalyst does not incorporate comonomers, a theoretically predicted fact in our group by means of computer simulations of the copolymerization (Ramos et al. 2002) , and also probed experimentally (Mikenas et al. 2007; Otegui 2009; Vega et al. 2008) .
The η 0 -M w relationship of polydisperse PE has been widely discussed in the literature, but for materials with values of the M z /M n ratio within the range 1.5 to 9, always of the same order of magnitude or lower than the polydispersity index defined by the M w /M n ratio. Notwithstanding, the results are certainly contradictory (Ansari et al. 2011; Saeda et al. 1971; Stadler et al. 2006; Wasserman and Graessley 1996; Zeichner and Patel 1981) . We will show in this work that, in the polydisperse samples studied here, the absolute values are considerably higher than those corresponding to monodisperse and unimodal samples with a narrower MWD and the same M w . We will demonstrate using reptation concepts that the observed increase can be explained by accounting for the effect of high-M w species through the z-moment of the MWD, which is particularly high in the samples studied.
Experimental section
The samples were analyzed by 13 C nuclear magnetic resonance ( 13 C-NMR) on a Bruker DRX500 spectrometer. The spectra were recorded at 100
• C on a Bruker DRX 500 spectrometer operating at 500 MHz. The samples were dissolved in hot 1,2,4-trichlorobenzene (TCB) and d6-benzene.
13 C-NMR results corroborate the linear structure of all the materials studied in this work in agreement with previous results .
The MWD of the copolymers was determined by means of high-temperature size exclusion chromatography (SEC) analyzer Waters 150C, equipped with refractive index (RI) and viscometer (V) detectors. All measurements were conducted at a flow rate of 1 mL min −1 and at temperature of 145
• C using TCB as solvent. To accurately calibrate a column we have obtained the hydrodynamic volume, which is the product of the molecular weight, M; and the intrinsic viscosity, [η] , and the retention volume using monodisperse polystyrene standards (universal calibration). The viscometer detector makes this possible because it directly measures [η] , which is inversely proportional to the molecular density of the polymer coil. The molecular weight of the fractions of the materials under study has been estimated from the intrinsic viscosity values together using the hydrodynamic volumes obtained from of the universal calibration. True molecular weights can be obtained in this way independently of the chemical and molecular structure of the polymers and the calibration standards (Grubisic et al. 1967) . The Mark-Houwink correlation of the samples studied has a power law exponent of α v = 0.70, in good agreement with literature results for linear PE (Cote and Shida 1971; Drott and Mendelson 1970; Williamson and Cervenka 1972) , providing further evidence of the linear structure of the samples. The molecular features obtained by the SEC/RI/V system are listed in Table 1 . The result obtained for each of the samples has been averaged from 10 independent measurements. The standard deviation in the average values obtained for the molecular features is lower than ±5%. The results in Table 1 reveal that both, the weight-average molecular weight, M w , and the polydispersity index, M w /M n , systematically increase in the polymer series studied. More interestingly, the materials show very high values of the third moment of the distribution, M z . In order to study the effect of M z in linear viscoelastic properties, small-amplitude oscillatory melt viscoelastic measurements in the melt were carried out by means of a Bohlin CVO stress-controlled rheometer inside the linear viscoelastic zone (ca., γ < 0.1) using the parallel disk geometry (15 and 25 mm diameter). The typical shear viscoelastic functions, storage, and loss shear moduli (G and G ), were measured at different angular frequencies and temperatures between the melting point and 190
• C. Previous time sweeps at a low frequency (6.28 · 10 −1 rad s −1 ) were performed to test the thermal stability of the samples within the temperature range explored. All the samples were stable during the time of the experiments, even at the highest temperature of 190
• C. The functions measured at the different temperatures were shifted along the angular frequency axis to the reference temperature of T R = 160
• C. Vertical shifts along the modulus axis were not necessary and good superposition was obtained for all the samples. The frequency shifts, a T , were expressed in terms of the flow activation energy, E a , using the Arrhenius relationship:
with R the universal gas constant and T the absolute temperature. The values obtained for E a are listed in Table 1 . The values of η 0 were estimated from the G master curves, using the scaling laws of the general linear viscoelastic model (Ferry 1980) :
The values of G (ω)/ω were nearly constant at the lowest angular frequencies, and a reasonable estimation of η 0 is possible for all the samples (see Supplemental Material Fig. A) . The values obtained for η 0 are also given in Table 1 .
Results and discussion
All the samples show strong positive asymmetric deviations in their MWD, which give rise to very high values of the M z /M w ratio, between 19 and 29, as it can be observed in Table 1 . This positive deviation of the MWD indicates the presence of a high concentration of high-M w species in the samples studied, which is due to the specific type of catalyst used for the polymerization (Kim et al. 2004 ). In Fig. 1 we compare the MWD of one of the materials studied (PE3) to that obtained for a PE sample (mPE) with a narrower MWD (M w /M n ∼3) synthesized with a metallocene single-site catalyst (Aguilar et al. 2001 ). The molecular features were obtained in this later case following the same experimental procedure described in the experimental section. Both samples have a similar value of M w ∼70 kg mol −1 , but the positive asymmetric MWD deviation found in PE3 sample gives rise to a value of M z /M w one order of magnitude higher than in the mPE sample. These characteristic high M z /M w values in the samples are related to the presence of a large number of molecules with high relaxation times that should contribute to the linear viscoelastic response and processing (Leonardi et al. 2005; Vega et al. 2011a, b) . As far as we know, these very high values of M z /M w have not been reported before for linear PE.
The relationship between molecular features and rheological properties is a topic of long-standing discussion in polymer science, especially the η 0 -M w dependence, which is illustrated by the well-known 
where the power law exponent, α, takes values varying between 3.36 and 3.64 for PE, and the pre-exponent K is a constant that depends on temperature (Aguilar et al. 2001 , and references herein). This relationship is applicable for M w values above M c , being M c a critical molecular weight related to the molecular weight between entanglements, M e . Figure 2 shows the change observed in η 0 with M w for the samples studied together with selected data of PE fractions and linear PE samples with narrow MWD (Aguilar et al. 2001) . The literature data have been shifted to the reference temperature of 160 • C by considering the E a values of linear PE. It can be noticed in Fig. 2 that the samples studied clearly deviate to higher η 0 values than those obtained for model linear PE samples of the same M w (see Supplemental Material Fig. B ). This result is very similar to that obtained recently by Ansari and co-workers (2011) in polydisperse PE samples. This result could lead us to argue on the possible presence of molecules with long-chain branches (LCB) in the samples. In the last decade a vast amount of studies has been carried out in order to establish the η 0 -M w correlation in polyolefins as a general method to get some insight into the presence of LCB. In particular, it has been shown that low LCB concentrations could Malmberg et al. 1999; Vega et al. 1998 Vega et al. , 2011a Wood-Adams et al. 2000) . These catalysts cannot only generate polymers with narrow MWD, but also they are able to incorporate different types of comonomers to some extent. In addition, by means of the terminal branching mechanism, chain transfer side-reactions (β-hydride elimination reaction or transfer to ethylene) produce long chains containing end-vinyl groups, which can be re-inserted in other growing chain, acting as a macromonomer in a copolymerization step (Soares and Hamielec 1996) . Then to form polymers with LCB, the copolymerization ability of the catalyst is necessary. However, it has been probed both experimentally and theoretically, the inefficiency for the incorporation of α-olefins of the bis(imino)pyridyl iron complexes used to produced the materials studied here, as it has been pointed out in the introduction. In addition to this, it must be emphasized that the temperature dependence of melt linear viscoelastic properties in PE is greatly affected by the presence of LCB (Carella et al. 1986 ). For samples with LCB contents of only one branch per 10,000 carbon atoms an increase of η 0 of one order of magnitude corresponds to a value of E a close to 40.0 kJ mol . From the time-temperature superposition of linear viscoelastic functions and the application of Eq. 1, an average value of E a = 26.7 ± 1.3 kJ mol −1 is obtained in the samples studied (see Table 1 ), consistently with the typical value of linear PE without LCB (Raju et al. 1979; Vinogradov and Malkin 1980; Wasserman and Graessley 1996) . Taking into account all the previous arguments the presence of LCB should be completely ruled in the samples studied. Bueche (1960) and Graessley (1967) considered the existence of an averaged molecular weight, M t , located between M w and M z that best represents the average for the relationship between η 0 and molecular weight, in polymers with polydispersity index higher than 2. Later, Saeda and co-workers (1971) found the experimental support to these ideas, as the η 0 values of a family of polydisperse PE samples were found to be higher at the same M w and markedly lower at the same M z than those of the monodisperse PE fractions. Locati and Gargani (1973) empirically expressed this intermediate molecular weight in terms of the polydispersity index using Saeda's experimental data. In the same direction, Malkin and co-workers (1974) also presented an empirical modification of the classical expression given by Eq. 3 in terms of the ratio M z /M w , explaining the values of η 0 in blends of monodisperse polybutadiene species. The empirical equation was also validated for polydisperse polypropylene and PE (Zeichner and Patel 1981; Wasserman and Graessley 1996) . In addition, the equation of Malkin and co-workers (1974) nicely agrees with the more recent estimation made by Nobile and Cocchini (2000) for polydisperse polymers with M w /M n > 1.5, based in the determination of the linear viscoelastic response from the experimental SEC trace using the double reptation approach, given by the following expression:
This equation has been applied using the highest and lowest values of M z /M w obtained experimentally (see Table 1 ) in Fig. 2 . It is observed that the experimental values of η 0 fall within the two power laws obtained for M z /M w = 28.7 and M z /M w = 18.7. Moreover, the η 0 vs M w relationship shows a lower value of the power law exponent than the typical α = 3.4 for linear polymers. This lower value of the exponent is due to the decrease in the values of M z /M w with the increase of M w in our set of polymers. Obviously, from the application of Eq. 4 it is easy to demonstrate that an exponent of α = 3.4 can only be obtained in samples with the same value of M z /M w , providing arguments about a dependence of the scaling law on the particular shape of the MWD.
The effect of the MWD shape can be removed from Eq. 4. In Fig. 3 the experimental values of η 0 have been normalized by a factor of ∼2(M z /M w ) −0.8 to eliminate the effect of polydispersity (compare Eqs. 3 and 4). An excellent agreement is observed between the experimental values of those expected by Eq. 4, in spite of the broad MWD and the high values of M z /M w of the samples. We have to point out that this result confirms the predictions made by Nobile and Cocchini (2000) further than the limits tested in their study, as they considered values of M w /M n and M z /M w lower than 5 for generalized exponential type MWD. It should be also mentioned at this point that for the typical polydispersity indexes of PE synthesized from single-site catalysts (SSC), with M w /M n ∼ M z /M w within the range of 2.0-3.0, the prefactor 0.51 and the term (M z /M w ) 0.8 in Eq. 4 closely compensate each other. In these conditions Eq. 4 is equivalent to that shown by monodisperse PE samples. This fact would explain why polydisperse linear PE samples obtained from SSC could be considered as model polyolefins. Nevertheless, it should be noticed that the MWD shape strongly affects not only η 0 but also the whole linear viscoelastic fingerprint of polymeric melts. The linear structure of the macromolecules and the high values of M z /M w of the samples studied here represent a unique opportunity to analyze the impact of the high-M w tail of the MWD in the melt linear viscoelastic properties. We have used the double reptation blending law to describe the polydispersity effect on the rheological behavior, expressed in terms of the MWD (des Cloizeaux 1988) . The equation for the relaxation modulus, G(t), for the terminal relaxation reads as:
where G 0 N is the entanglement modulus and μ(t,M) stands for the Doi kernel, which, at a given time, is only a function of the molecular weight of polymeric species, the molecular weight between entanglements, M e , and the equilibration relaxation time, τ e (Doi and Edwards 1986) :
with G = 1 − 1.69Z 0.5 , τ d = 3τ e Z 3 1 − 1.69Z −0.5 2 , and Z the number of entanglements, M/M e (Likhtman and McLeish 2002) . We have applied Eqs. 5 and 6 by using the experimental SEC/RI/V traces. For the application of the model we need only a few material parameters that in the case of linear PE are available from the literature. The value of G 0 N is 2.17 ± 0.23 MPa, averaged from different values obtained experimentally for linear PE (Ramos et al. 2008) . The values of M e and τ e have been recently obtained from a hierarchical approach combining atomistic Monte Carlo (MC) and molecular dynamics (MD) simulations (Ramos et al. 2007 (Ramos et al. , 2008 . The system consisted in 20 linear chains, each comprised of 1,000 segments. Segments along the polymer chain are simulated by a united atom model with methyl (-CH 3 ) and methylene (-CH 2 -) groups represented as individual interaction sites. The initial configuration of the MD is previously equilibrated using MC simulations. The MD simulations are carried out under constant pressure and temperature (NPT ensemble). The equations of motion are integrated with the velocity Verlet algorithm. The value of M e has been obtained from the application of the packing model to the molecular dimensions obtained from MC simulations, which is in perfect agreement with reported results from the literature (Lohse 2005) . The value of τ e has been obtained from the crossover from the free Rouse to entanglement regimes observed in the mean-square displacement on the innermost backbone segments though the MD trajectory. The values obtained are M e = 0.79 ± 0.01 kg mol −1 and τ e = 2.50 ± 0.12 ns (at T = 160
• C). It is noteworthy that these values of both M e and τ e have been obtained independently, without using any fit to the experimental linear viscoelastic response. Furthermore, these values have been reported to satisfactorily fit the linear viscoelastic response of model linear PE samples with narrow MWD (Ramos et al. 2008) . The computed G(t) values from Eqs. 5 and 6 have been converted to G and G using the standard procedures given in Ferry's book (Ferry 1980) . The comparison between the computed and the experimental data is observed in Fig. 4a and b for two of the samples, but identical results have been obtained for the rest of the materials (Otegui 2009) , including the mPE sample (Aguilar et al. 2001 ). The agreement is exceptional, taking into account the broad and complex MWD of the materials tested, suggesting a clear contribution of the high-M w species in the whole linear viscoelastic response.
Conclusions
The analysis shown here demonstrates that there is a strong contribution of high-M w species in η 0 values for polydisperse linear PE. Based on this observation, we can conclude that these results are of great importance, as it points towards a strong influence of M z in the complete linear viscoelastic fingerprint, mostly in materials with a particular MWD shapes and very high values of the M z /M w ratio. Then, the characteristic dependence of η 0 with M w may deserve reconsideration, particularly in polymers with very broad MWD, as it will be decisive in those materials that additionally contain LCB, as both molecular features could produce similar effects on η 0 .
